DivK is an essential response regulator in the gram negative bacterium Caulobacter crescentus and functions in a complex phosphorelay system that precisely controls the Taken together, these results suggest that flexibility of critical regions of the protein, ionization of the cysteine-99 residue and improved K D values for the catalytic metal ion are coupled events. We propose that the molecular events observed in the isolated protein may be required for DivK activation and that they may be achieved in vivo through the specific protein-protein interactions between the response regulator and its cognate kinases.
Introduction
The so-called two-component systems constitute widespread signaling cascades in microorganisms. These systems are generally represented by a sensor protein with histidine autokinase activity and a cognate response regulator (1, 2) . The sensor protein is autophosphorylated on a conserved histidine residue, and the response regulator is activated by phosphorylation on the conserved aspartate residue in a Mg 2+ -dependent transphosphorylation reaction from the phospho-histidine of the cognate kinase.
Phosphorylation of the response regulator elicits the appropriate cellular response through protein-protein interactions with downstream partners, or by activating or repressing gene(s) expression (3, 4) . These His-Asp phosphorelay pathways mediate a wide array of physiological processes, most commonly in response to environmental conditions and external stimuli (5) .
There is now evidence that the His-Asp family of proteins also plays essential roles in the regulation of the cell division cycle and cell differentiation in the Gram negative aquatic bacterium Caulobacter crescentus. Cell cycle progression in these bacteria proceeds by a series of discrete morphogenic events and culminates in an asymmetric cell division to produce an new mother stalked cell plus a new motile swarmer cell (reviewed in 6, 7). The two progeny cells inherit identical genomes but express different genetic programs. After cell occur in crystals grown at pH 6.0, but isomorphous substitutions were obtained when the crystals were brought to pH 7.0. Data sets were collected for crystals soaked in 5 mM mercury acetate, 0.5 mM samarium nitrate and 1 mM uranyl nitrate for 79 hours. Anomalous data were collected with a crystal soaked in 1 mM mercury acetate for 27 hours. The heavy-atom sites were located by inspection of the difference Patterson maps, and from Fourier difference maps using an initial set a phases obtained from molecular replacement (18). Phasing was performed using SHARP (21) including the anomalous signal from the mercury derivative (Table 1 ). The overall figure of merit for the MIRAS phases was 0.64 between 20 and 2.8 Å.
The 2.8 Å electron density map was improved by several cycles of solvent flattening using SOLOMON (20). The mask was automatically calculated assuming a solvent content of 26% in the unit cell. The resulting electron density allowed chain tracing for most parts of the polypeptide chain, except for a stretch of 15-residues corresponding to the fourth helix and the preceding loop.
respectively, and the average temperature factor for all protein atoms was 18.0 Å 2 ( Table 2 ).
The refinement of the structure of the protein at pH 6.0 was performed using CNS (24) using as starting model the structure of the protein at pH 7.0. The final R and R free values at 1.6 Å resolution were 19.1 % and 21.2 %, respectively (Table 2 ). This monomer is fully defined from residues 2-125. The average temperature factor for all protein atoms was 12.3 Å 2 . The mean coordinate error was estimated to be less than 0.18 Å (26) . All residues belong to the most-favored regions of the Ramachandran plot, except Gln-55. The side-chains of residues Lys-3, Ser-37, Met-52, Asp-71 and Ile-116 were modeled as two-state conformers. The native DivK structures at pH 8.0 and pH 8.5 were refined to 1.87 Å and 1.65 Å, respectively, using the structure at pH 6.0 as starting model. There was no electron density for the region 84-93 and 84-89, at pH 8.0 and 8.5, respectively.
The Mg 2+ or Mn 2+ derivatives at pH 6.0, pH 7.0, pH 8.0 and pH 8.5 were refined using the same procedures. The electron density of the manganese ion was the highest positive peak in the Fo-Fc SIGMAA weighted map ( Table 2 ). The metal was introduced in the last stages of refinement. Statistics of the structure refinements are presented in Table 2 .
The figures illustrating the protein structure were produced by BOBSCRIPT (27) Circular dichroism. CD studies were performed using a Jobin-Yvon CD6 dichrograph at 20°C. Spectra from 195nm to 260nm were recorded (0.2 nm.sec -20 mM MES pH 6.0 or 20 mM Tris-HCl pH 7.0, 50 mM NaCl, 1 mM DTT, at concentrations varying from 120 to 500 µg/ml, were used. The spectra were smoothed using the software supplied by the manufacturer (CD6 software). Each spectra was the result of 5 scans using a bandwidth of 4 nm.
Results

Overview of the DivK crystal structure
The DivK protein crystallized in the orthorhombic P2 1 2 1 2 1 space group with one molecule in the asymmetric unit. Crystallization occurred only at pH 6.0 but once formed, the crystals could be manipulated at pH values as high as 8.5 without alteration of the diffraction pattern.
The structure was solved using multiple isomorphous replacement with anomalous scattering (MIRAS) phasing (Table 1 ). The structures presented in this report were refined at resolutions ranging between 2.3 Å and 1.35 Å, with standard values for the R, R free and mean temperature factors (Table 2 ). There are two major crystal packing contacts. The first one is provided by one direct and three water-mediated hydrogen bonds between strand β2 from one molecule and residues 57-60 from the γ-loop of a symmetry-related molecule. The second one involves van der Waals contacts between the indole ring of Trp-67 in one molecule and the side chains of Glu-12 and Arg-33 of an adjacent molecule. These features were observed at all pH values.
The atomic positions in the metal-free protein were all defined only at pH 6.0. The 125 residues of DivK adopt a doubly wound five-stranded α/β fold, with helices α1 and α5 on one side of the sheet and helices α2, α3 and α4 on the other side (Fig. 1) . Helices α1, α2, α3 and α5 are N-capped by the side-chains of residues Asn-11, Glu-58, Ser-60 and Ser-108, respectively. The cleft defined by loops β1-α1, β3-α3, β4-α4 and β5-α5 constitutes the active site of DivK (Fig. 1) . It contains Glu-9, a residue which is commonly an aspartic acid in this protein family, Asp-10 and Asp-53 (the site of phosphorylation). The carboxylate groups of Glu-9 and Asp-53 are hydrogen bonded to the main chain nitrogen atoms of Asn-11 from loop β1-α1 and Gln-55 from the β3-α3 loop, respectively (Fig. 2) . The side-chain of Asp-10 points outside the active site and forms a salt-bridge interaction with Arg-33.
Three water molecules are bound in the acidic pocket (Fig. 2) . Water1 (Wat1) is coordinated to the carboxylate group of Glu-9, to the main chain nitrogen atom of Asp-10 and to Wat2.
The Wat2 molecule is hydrogen bonded to the main chain carbonyl oxygen of Gln-55. The third water molecule (Wat3) bridges the side chains of Asp-53, Gln-55 and Lys-105. A saltbridge interaction links Asp-53 and Lys-105, two invariant residues in response regulators.
The hydroxyl group of Thr-83, a key response regulator residue in signal transduction (28) , is hydrogen bonded to the amide side chain of Gln-55 (Fig. 2) . Finally, the side chain of Tyr-by about 80°. The χ 1 and χ 2 values for Asp-53 in the metal-free and metal-bound structures were (-165°, -55°) and (165°, 25°), respectively, very similar to the corresponding values in the metal-free and metal-bound CheY structures (11, 32) . The metal ion binding is not canonical in that it displays a distorted octahedral coordination that is not observed in the active sites of other response regulators and is not suitable for catalysis (Fig. 5) . The ligands of the Mn 2+ or Mg 2+ ions were the oxygen atoms from the carboxylate groups of Glu-9, Asp-10 and Asp-53, and two water molecules. One of the water molecules was hydrogen bonded to the main chain carbonyl oxygen of Gln-55. The coordination of the metal to the third acidic residue (Glu-9) and the absence of direct coordination to the main chain carbonyl oxygen of Gln-55 differs from what has been reported for all metal-bound receiver domains (32, 33, 34, 35, 36) .
Evidence for canonical metal ion binding was only observed at pH 8.5 in both the Mn 2+ -DivK and Mg 2+ -DivK complexes. In these structures, which were solved at 1.41 Å and 1.34 Å resolutions, respectively, the electron density for the metal ion was elongated and not spherical, as typically observed. We interpreted this observation as an indication that metal binding occurs at two alternate positions, separated by 1.5 Å (Fig. 5) . Only the second position corresponded to the canonical location of the metal in the acidic pocket. The electron density also suggested the presence of two rotamers of the Asp-53 side chain.
Structural effects of metal binding
Metal binding had a destabilizing effect on the protein structure. The magnitude of this effect was correlated with the binding efficiency of the metal ion, estimated by the occupancy of the metal after refinement of the X-ray structures (Table 2) α4 helix. This effect was revealed by the structure of Mn 2+ -DivK at pH 6.0, the single pH value at which all atomic positions were defined in the metal-free protein (the destabilizing effect of the metal ion could not be determined for the Mg 2+ -DivK complex at pH 8.0 because the flexibility of these regions was already induced by pH in the metal-free protein).
Metal binding at occupancies higher than 0.6 increased the number of undefined atomic positions. In addition to the β4-α4 loop, none of the α4 helix (residues 88-96) was visible ( Fig. 6 ) and the electron density was weak for the C-terminal part of the β4-strand. These features were conveniently observed in the Mn 2+ -DivK complexes because metal binding occurred at all pH values. In all metal-bound structures, there was no electron density for Lys-105 and Tyr-102.
Dissociation constants of the metal ions from fluorescence experiments
The affinity of the protein for magnesium and manganese was evaluated by fluorescence measurements (37). The addition of Mn 2+ to monomeric DivK resulted in saturation kinetics and induced a significant quenching of the fluorescence signal from the single tryptophane 67 residue in the protein, located in the middle of the α3 helix. The emission spectrum maximum at 348 nm is consistent with the solvent exposed fluorophore, and was unaffected by pH variations and addition of metal ions. reminiscent of the micro-second time motions that have been reported from NMR studies for unphosphorylated CheY (38), Spo0F (39) and NtrC (40). The same regions were previously shown to undergo structural changes in activated receiver domains and to propagate the response to phosphorylation (41, 42)
In solution, the isolated DivK protein displays a higher affinity for Mn 2+ than for Mg 2+ . This property has been documented for other response regulators, including CheY, whose catalytic properties are independent of which of the two metal ions are present (37). The binding constants for Mn 2+ exhibit a pH-dependence that follows an apparent acido-basic titration profile, and suggest that deprotonation of a group with pKa of about 7.4 may be involved in metal ion binding affinities in the millimolar range (Fig. 7) . The molecular events underlying the biochemical results were revealed by the crystal structures of Mn 2+ -bound DivK. The flexibility of the β4-α4 loop and of helix α4, and the solvent accessibility of Cys-99 from the α4-β5 loop increase in direct relationship with metal binding occupancy.
The biochemical and structural data collectively suggest that increased metal ion affinity, motion of residues 84-100 and deprotonation of Cys-99 are coupled events. It should be noted that the α4-β5 loop is unusual among response regulators in containing the residues Gly-Gly-Cys (see Fig. 1B ). This distinctive sequence may contribute to the dynamic properties of the 84-100 region of DivK and be responsible for the formation of the disulfide-mediated dimers in the purified protein.
The affinity of the protein for Mg 2+ is several fold lower than for Mn 2+ and accordingly, the X-ray structures indicated reduced flexibility of helix α4 and solvent exposure of Cys-99 in the Mg 2+ -DivK structure. This low affinity seems unrelated to the occurrence of a glutamic acid at position 9 instead of the aspartic acid often found at this The structures of these two Mn 2+ -DivK complexes were essentially identical and the binding of the metal ion remained non-canonical and not suitable for catalysis. Second, the noncanonical coordination of the metal shifted partly, but not entirely, to a canonical one in both the Mg 2+ -DivK and Mn 2+ -DivK complexes at pH 8.5 (Fig. 5) , although there is a 100-fold difference in affinity for these two ions (26 mM and 0.21 mM, respectively).
In vivo, DivK has at least three protein partners : the two histidine kinases PleC and DivJ, and of the residues in DivK was scaled from white (low) to dark blue (high). The figure was created using ESPript (45) . Secondary structure elements were calculated using the program DSSP (46). 
